INTRODUCTION
Previous studies suggest that the granular retrosplenial cortex (GRS) is involved in learning and memory [1] [2] [3] , and that these functions, to some extent, depend on thalamic projections [1, 4, 5] . The functional specialization of this area in rats may be related to the pronounced modularity of layer 1. Inputs from the anteroventral thalamic nucleus (AV) terminate in a patchy distribution, and selectively target apical dendritic bundles, deriving from pyramidal neurons in layer 2 [6] .
In this study, we report that dendrites of parvalbuminimmunoreactive (PV-ir), putative GABAergic, neurons also form bundles in layer 1 and that these co-localize with the bundles of pyramidal cell apical dendrites. Thus, there may be a specialized dendritic association of pyramidal neurons and PV-ir GABAergic interneurons as common targets of AV thalamic input in layer 1.
As another indicator of the complex organization of the superficial layers in rat GRS, we identified a separate, honeycomb-like structure, where central hollows are surrounded by walls of dendritic-and terminal-like PV-ir profiles. This structure appears continuous with the dendritic bundles, but is deeper, at the border of layers 1 and 2.
MATERIALS AND METHODS
Experimental subjects: Ten male Wistar rats (age 4 9 weeks) were used in this study. All experimental protocols were approved by the Experimental Animal Committee of the RIKEN Institute, and were carried out in accordance with institutional guidelines.
Fixation and tissue preparation: Animals were anaesthetised with Nembutal (100 mg/kg), and perfused transcardially, in sequence, with 0.9% saline and 0.5% sodium nitrite, and 4% paraformaldehyde in 0.1 M phosphate buffer (PB, pH 7.3). For one animal, used for GABA immunohistochemistry, 0.1% glutaraldehyde was added to the fixative. After fixation, the brains were placed in 30% sucrose, and after sinking, were cut into 40 mm parasagittal or coronal sections on a freezing microtome.
Immunoperoxidase staining for PV: Sections were incubated for 1 h with 0.1 M phosphate buffer saline (PBS, pH 7.3) containing 0.4% Triton X-100 and 5% normal goat serum (PBS-TG) at room temperature, and then for 40-48 h at 41C with PBS-TG containing mouse monoclonal anti-PV antibody (Swant, Bellinzona, Switzerland; 1:50 000). After rinsing, the sections were placed in PBS-TG containing biotinylated goat anti-mouse IgG (Vector, Burlingame, CA; 1:200) for 1.5 h at room temperature. Immunoreactivity was visualized by ABC incubation (one drop of reagents/7 ml 0.1 M PB, ABC Elite kits, Vector, Burlingame, CA) and diaminobenzidine (DAB) histochemistry with 0.03% nickel ammonium sulfate. Triple labelling combining acetylcholinesterase (AChE) histochemistry and double immunohistofluorescence for PV and MAP2: AChE histochemistry was performed following Tsuji's method [8] , with slight modification. After washing in a mixture containing 1 ml of 0.1 M citrate buffer (pH 6.2) and 9 ml 0.9% saline (CS), sections were incubated with CS containing 3 mM CuSO 4 , 0.5 mM K 3 Fe(CN) 6 and 1.8 mM acetylthiocholine iodide for 1 h. After rinsing in PB, sections were intensified using PB containing 0.05% DAB and 0.03% nickel ammonium sulfate. Subsequent to AChE histochemistry, we further carried out double immunofluorescence for MAP2 and PV following the methods described above. Sections were viewed in a Olympus BX 50 fluorescent microscopy (Tokyo, Japan).
Measurements and analysis:
Quantitative analysis was achieved with the aid of a Neurolucida System (MicroBrightField, Colchester, VT). In parasagittal sections, the centers of the PV-ir dendritic bundles and PV-ir honeycomb hollows were plotted in an area of !120 000 mm 2 from two tissue sections for each structure, using a Â 20 objective lens. The nearest center-to-center distance was obtained by using NeuroExplorer analysis software (MicroBrightField, Colchester, VT).
RESULTS
Immunoreactivity for PV demonstrates distinct bundles of dendrite-like structures protruding into layer 1 toward the pia surface of the GRS (Fig. 1a) . These PV-ir structures consist of both smooth thick and varicose thin profiles (Fig. 1b,c) . In the middle to upper part of layer 1, the thicker profiles bifurcate once or twice, and end in thin branches with varicosities. The dendrites are frequently oblique to the pia surface (Fig. 1b,c) . In parasagittal sections, bundles appear as a patchy network, most pronounced in layers 1b and 1c, the deeper part of layer 1 (Fig. 1d,e) . Individual bundles are 28-66 mm in width (mean 43 mm), with a centerto-center distance of 38-120 mm (mean 78 mm). Below the dendritic bundles, at the border of layers 1 and 2, there is a more reticular, honeycomb-like structure, consisting of hollows surrounded by walls of both dendrite-and terminal-like PV-ir profiles (Fig. 1d,f) . The center-to-center distance of honeycomb hollows is 58-114 mm (mean 80 mm). In parasagittal sections, the PV-ir dendritic bundles in layer 1 could be seen to merge with the honeycomb walls at the border of layers 1 and 2 (Fig. 1e,f) .
The dendritic nature of the layer 1 bundles was confirmed by double immunofluorescent for PV and either synaptophysin or GAD65, both of which co-localize with axon terminals, but not with dendrites [9, 10] . The PV-ir structures within the layer 1 bundles are not positive for either GAD65-ir (Fig. 2l) or synaptophysin-ir (data not illustrated).
In contrast, double labelling is frequently found at the border of layer 1 and 2, where the PV-ir honeycomb-like structure is found. Other layers in the GRS also show double immunofluorescence for PV and synaptophysin, or PV and GAD65 (Fig. 2l) , as expected for PV-ir GABAergic terminals. PV-ir dendrites can occasionally be followed back to PV-ir somata in layers 2 and 3 but not lower (Fig. 1b,c) . These PVir somata are small to medium (long axis, 13-25 mm, mean 18 mm; short axis, 7-13 mm, mean 10 mm, n ¼ 27), and are fusiform, triangular or polygonal in shape. Three to seven primary dendrites issue from these PV-ir somata. However, usually only one, at most two, dendrites enter into layer 1. These dendrites are frequently the thickest and longest, but other thick dendrites can sometimes be followed up to 70 mm horizontally or downward, outside the bundle configuration. In order to verify that PV-ir neurons in the GRS are GABAergic interneurons, double immunofluorescence was carried out for PV and GABA. All PV-ir neurons inspected (n ¼ 88), including layer 2 and 3 neurons (n ¼ 42), were GABAergic (data not shown).
Apical dendrites of pyramidal neurons were visualised by MAP2 immunohistochemistry, which densely stains apical dendritic shafts in rats [11] . This showed distinct bundles in layer 1 (Fig. 2a,d ), similar to the bundles previously shown with Fluorogold labelling [6] . That is, dendritic bundles deriving from layer 2 pyramidal neurons are tight in layers 1c and 1b, and spread out in layer 1a (Fig. 2a,d) . In layer 1a, MAP2-ir profiles are thin and small, reminiscent of distal dendritic tufts. Furthermore, immunohistochemistry for MAP2 combined with AChE histochemistry shows that the MAP2 dendritic bundles match zones of dense AChE staining (Fig. 2g,i) . This further confirms that the MAP2-ir dendritic bundles are identical with the apical dendritic bundles of layer 2 pyramidal neurons, since these latter are reported to be in register with AChE-dense patches [6] . Double immunofluorescence for PV and MAP2 shows that the two systems of PV-ir and MAP2-ir dendrites closely correspond (Fig. 2a-f) . PV-ir profiles tend to be less dense in layer 1a, while, in contrast, MAP2-ir profiles are denser in this sublayer. At higher magnifications, PV-ir and MAP2-ir dendrites can be seen as intermingled, with frequent examples of close appositions (Fig. 2j,k) . However, no structures double-labelled for PV and MAP2 were noted.
Triple labelling for AChE, MAP2 and PV confirms that zones positive for all three markers are well matched (Fig. 2g-i ).
DISCUSSION
Our results provide additional evidence for a complex modular and stratified organization in layers 1-2 of the rat GRS. We demonstrate that PV-ir dendrites, originating from GABAergic interneurons, form distinct bundles in layer 1, and that these co-localize with apical dendritic bundles. These latter originate from layer 2 pyramidal neurons, as shown previously by retrograde labelling with Fluorogold, intracellular filling with Lucifer yellow, and Golgi preparations [6] . The present report shows that they can also be visualized by MAP2 immunohistochemistry.
The co-mingled dendritic bundles have a specific relationship with several afferent systems. They are targeted by AV thalamic terminations [6] , and probably also by terminations from the anterodorsal nucleus (AD). Thalamic projections from the AD form patches in layer 1 of the GRS which are similar in size and spacing to those from AV [12] . Other thalamic projections, however, from the anteromedial and laterodorsal nuclei, are diffusely distributed in layer 1 of the GRS [12, 13] . Finally, projections from the association cortex and presubiculum terminate in the interbundle spaces, where apical dendritic branches from pyramidal neurons in layers 3 and 5 are situated [6] . Below we consider implications for microcircuitry and comparisons with modular organization in other periallocortices, i.e. presubiculum and entorhinal cortex (EC). (g,h) and light microscopic (i) images of a slightly oblique parasagittal section, cut through layer 1, and stained by triple staining for MAP2 (g), PV (h) and AChE (i). Arrowheads point to corresponding locations. (j,k) High magni¢cation merged confocal micrographs from layer 1of coronal (j) and tangential (k) sections stained by double immuno£uorescence for MAP2 (green) and PV (red). The tangential section in (k) is cut through layer 1b-c. MAP2-ir and PV-ir dendrites can be seen as intermingled, with frequent examples of close appositions (arrows). (l) a high magni¢cation merged confocal micrograph from layers 1 and 2 of a coronal section stained by double immuno£uorescence for PV (red) and GAD65 (green). Double labelling (yellow) is frequently seen (arrows) at the border of layers 1 and 2, and in layer 2, but only infrequently in layer 1. L1, layer 1; L1a, layer 1a; L2, layer 2. Bar ¼ 200 mm (a^f),100 mm (g^i), 50 mm (j^l).
Possible implication for microcircuitry in the GRS: Although both further electron microscopic and electrophysiological follow-ups are necessary, the close association of GABAergic and pyramidal dendrites together with thalamic terminations is suggestive of a specialized complex. This could be related to feedforward inhibition, as has been characterized by electrophysiological studies in other thalamocortical systems [14, 15] . That is, PV-ir neurons, activated by AV or AD input onto their dendrites, might inhibit thalamicrecipient layer 2 pyramidal neurons. Since some PV-ir neurons have laterally widespread axonal fields [16, 17] , there could be several inhibitory combinations, involving pyramidal neurons within neighbouring thalamic projection patches.
Another possibility, suggested by the close apposition of PV-ir interneuronal dendrites and MAP2-ir pyramidal dendrites, is that these may be coupled by gap junctions. Gap junctions, possibly related to electrical coupling, have been reported between interneurons, as well as between excitatory neurons and interneurons, in the neocortex and allocortex of young and adult rats [18, 19] . Electrical coupling has been suggested to facilitate synchronized activity [20] .
Comparison with modular organization in other periallocortices: Accumulating evidence suggests that, in periallocortical structures at least, there may be multiple, modulelike mappings in the superficial layers (layers 1-3). In the primate presubiculum, for example, layer 1 contains patches that are positive for both AChE and cytochrome oxidase; and in layers 1 and 2, there is another system of patches positive for calbindin and calretinin [21] . In primate EC, neurons form cell islands in layer 2 and superficial layer 3, with apical dendritic bundles from deep layer 3 pyramidal neurons occupying the inter-island space [22] . In the intermediate EC, both the cell islands proper and the overlying layer 1 receive strong serotoninergic inputs. In contrast, neurotensin-ir fibers preferentially target the interisland spaces in layer 2, but are diffusely distributed in layer 1 [22] .
In the rat GRS, our results further show that the dendritic bundles in layer 1 merge with another system, of PV-ir dendritic-and terminal-like processes, situated at the border of layers 1 and 2. This intricate compartmental structure of layers 1 and 2 is consistent, as reviewed above, with the organization of the presubiculum and EC. In contrast, modularity in sensory neocortical areas is most distinct in layer 4, where it is associated with parallel processing of different inputs [23, 24] . In these areas, there has been no evidence for a compartmental structure of layer 1; and inputs to this layer are considered characteristically divergent and non-modular [25] . Whether this difference in functional architecture is related to processes specialized for learning and memory remains to be clarified.
CONCLUSION
In the rat GRS, dendrites of PV-ir GABAergic inhibitory neurons form bundles in layer 1. These co-localize with apical dendritic bundles of layer 2 pyramidal neurons, and these dendrites together may be selectively targeted by AV and AD thalamic inputs. The two dendritic populations are closely apposed, as if there might be electrical or gap junctional coupling. Deeper, at the border of layers 1 and 2, the bundles merge a honeycomb-like structure, with walls consisting of PV-ir neuropil. Further work is necessary to establish whether these specializations are specifically associated with processes having to do with learning and memory.
